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The phytohormone auxin is an important determinant
of plant development. Directional auxin flow within
tissues depends on polar localization of PIN auxin
transporters. To explore regulation of PIN-mediated
auxin transport, we screened for suppressors of
PIN1 overexpression (supo) and identified an inositol
polyphosphate 1-phosphatase mutant (supo1), with
elevated inositol trisphosphate (InsP3) and cytosolic
Ca2+ levels. Pharmacological and genetic increases
in InsP3 or Ca
2+ levels also suppressed the PIN1
gain-of-function phenotypes and caused defects in
basal PIN localization, auxin transport and auxin-
mediated development. In contrast, the reductions
in InsP3 levels and Ca
2+ signaling antagonized the
effects of the supo1 mutation and disrupted prefer-
entially apical PIN localization. InsP3 and Ca
2+ are
evolutionarily conserved second messengers in-
volved in various cellular functions, particularly
stress responses. Our findings implicate them as
modifiers of cell polarity and polar auxin transport,
and highlight a potential integration point through
which Ca2+ signaling-related stimuli could influence
auxin-mediated development.
INTRODUCTION
Development of land plants is characterized by a remarkable
capacity toward ever-changing environmental conditions. The
asymmetric distribution of the plant signaling molecule auxin
within tissues (auxin gradients) is a versatile mechanism spatially
and temporally coordinating many developmental processes,
including adaptive development (Leyser, 2006; Berleth et al.,
2007; Benjamins and Scheres, 2008; Mockaitis and Estelle,
2008). Directional auxin transport between cells is a major
determinant in the formation of local auxin gradients (Vanneste
and Friml, 2009). Cell-to-cell auxin transport is largely based onDevelthe activity of plasma membrane (PM)-resident auxin trans-
porters that include the amino acid permease-like AUXIN
RESISTANT1/LIKE AUX (AUX1/LAX) proteins, which mediate
auxin influx (Bennett et al., 1996; Yang et al., 2006; Swarup
et al., 2008), the PIN-FORMED (PIN) efflux carriers (Luschnig
et al., 1998; Petrasek et al., 2006) and the MULTIDRUG
RESISTANCE/P-GLYCOPROTEIN (PGP) class of ATP-binding
cassette auxin transporters (Noh et al., 2001; Geisler et al.,
2005; Bandyopadhyay et al., 2007). The asymmetric, subcellular
(polar) distribution of PIN proteins provides directionality to the
intercellular auxin flow (Wisniewska et al., 2006; Zhang et al.,
2010). Alterations in the PIN polarity in response to endogenous
and external signals redirect auxin flows and thus modulate
auxin-dependent plant development (Grunewald and Friml,
2010; Kleine-Vehn et al., 2010; Ding et al., 2011). Despite the
importance of the PIN polarity regulation for plant development,
the underlying regulatory mechanisms are still poorly under-
stood. Thus far, the only knowncomponents regulating the apical
(shootward, upper cell side) versus basal (rootward, lower cell
side) PIN distribution are PINOID (PID) Ser/Thr kinase and protein
phosphatase 2A (PP2A) that antagonistically mediate PIN phos-
phorylation (Friml et al., 2004; Michniewicz et al., 2007; Huang
et al., 2010). PID activity can be controlled by phospholipid
signaling (Zegzouti et al., 2006) and PID-interacting proteins
that can bind Ca2+ (Benjamins et al., 2003), but their relevance
for auxin transport and auxin-mediated development is unclear.
In all eukaryotes, Ca2+ is one of themost ubiquitous secondary
messengers, relaying a panoply of signals to downstream intra-
cellular effectors. One of its most interesting features is the
speed by which it can modulate processes and signaling
cascades. Binding to Ca2+ can alter directly biochemical proper-
ties and interaction partners of enzymes, transcription factors,
and other regulatory proteins (DeFalco et al., 2009; Hubbard
et al., 2010; Kudla et al., 2010). Given its physiological relevance,
cytosolic Ca2+ concentration is tightly regulated (Allen and
Schroeder, 2001; White and Broadley, 2003; Hetherington and
Brownlee, 2004; DeFalco et al., 2009). A steep gradient between
the storage compartments and the cytosol enables instant
increase in local Ca2+ concentration just by opening a few
Ca2+ channels. Continuous pumping of Ca2+ out of the cyto-
plasm by ATP-driven Ca2+ pumps (Ca2+-ATPases) dissipatesopmental Cell 20, 855–866, June 14, 2011 ª2011 Elsevier Inc. 855
Figure 1. Genetic Interaction between
SUPO1 and PIN1
(A and B) Suppression of 35S::PIN1 agravitropic
root growth by SUPO1. Comparison of root
growth of wild-type, 35S::PIN1, and supo1-1
35S::PIN1 on vertical plates (A) and quantification
of root gravitropism (B) are shown.
(C and D) Enhancement of pin1 cotyledon defects
by SUPO1. Seedlings lacking cotyledons were
occasionally observed in supo1-1 pin1 double
mutants (C). Frequency of defective cotyledons
was increased in supo1-1 pin1 (D).
Error bars represent SE. *p < 0.05 (t test). See also
Figure S1.
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2+ Signaling and Auxin Patterningthe Ca2+ signal after a stimulus to a latent concentration (Sze
et al., 2000; Hetherington and Brownlee, 2004). The spatio-
temporal features of Ca2+ pulse are decoded by various Ca2+-
binding proteins, resulting a suitable physiological output (Allen
and Schroeder, 2001; DeFalco et al., 2009; Kudla et al., 2010).
Also in plants, Ca2+ is involved in numerous cellular functions
and is crucial for responding to various biotic and abiotic stimuli
(Allen and Schroeder, 2001; Luan et al., 2002; Yang and Poovaiah,
2003; Kudla et al., 2010), including circadian oscillations (Xu et al.,
2007),gravity (Poovaiahetal., 2002), stress responses (Quanetal.,
2007), and hormonal signaling (Shishova and Lindberg, 2010).
Given the almost universal roles of Ca2+ in regulating cellular
processes on one hand and the multitude of developmental
and physiological roles attributed to auxin on the other hand,
the connections between these signaling mechanisms are
surprisingly scarce (Shishova and Lindberg, 2010). Physiological
studies have linked Ca2+ with auxin transport (dela Fuente and
Leopold, 1973) and, in particular, gravitropic responses (Lee
and Evans, 1985; Plieth and Trewavas, 2002; Toyota et al.,
2008), but the molecular mechanism underlying the possible
influence of Ca2+ or other cellular signaling mechanisms and
secondary messengers on auxin transport and auxin-mediated
development remains elusive.
Here, inositol triphosphate (InsP3) is linked toCa
2+signalingand
control of directional auxin transport mediated by polar PIN auxin
transporters. As a starting point, the supo1mutant was identified
as a suppressor of PIN1 overexpression, which was defective in
inositol phosphate 1-phosphatase (SAL1) and had increased
InsP3 and cytosolic Ca
2+ levels. Pharmacological and genetic
manipulations of InsP3 and/or Ca
2+ levels were also sufficient to
rescue gravitropism of the PIN1 gain-of-function roots, presum-856 Developmental Cell 20, 855–866, June 14, 2011 ª2011 Elsevier Inc.ably by affecting PIN polar targeting and
auxin distribution. Our findings suggest
that InsP3-mediated Ca
2+ signaling can
modify cell polarity, auxin transport, and
auxin-mediated development.
RESULTS
Identification of the Suppressor of
PIN1 Overexpression (supo1)
Mutant
To identify regulators of PIN-dependent
auxin transport and PIN polar targeting,we screened for modulators of PIN1 overexpression (35S::PIN1)
by forward genetics. 35S::PIN1 seedlings had short roots, strong
agravitropic root growth, and high auxin levels in root tips,
presumably because of the ectopic presence of basally localized
PIN1 in the epidermal cells (Petra´sek et al., 2006; Mravec et al.,
2008). In this screen, we isolated three mutant lines, named
suppressor of PIN1 overexpression (supo1 through supo3) that
harbored second-sitemutations restoring gravitropic root growth
of 35S::PIN1.
In supo1, the suppression of PIN1 overexpression phenotypes
was the clearest for the gravitropic response (Figures 1A and
1B). Moreover, supo1 also restored normal auxin levels in
contrast to the increased levels in 35S::PIN1 root tips as inferred
from DR5::GUS auxin response visualization and direct indole-
3-acetic acid (IAA) measurements (see Figures S1A and S1B
available online). Thus, supo1 suppresses different aspects of
the PIN1 gain-of-function phenotype.
To investigate the genetic interaction between supo1 and
pin1 loss-of-function, we introduced supo1-1 into the pin1-1
allele that had typical developmental defects in embryogenesis,
reflected by one, three, or fused cotyledons (Okada et al., 1991).
In the progeny of pin1-1+/–, 4% (n = 1415) of the seedlings
was defective in cotyledon formation, whereas only weak
patterning defects (1%, n = 323) were observed in supo1-1
plants (Figures 1C and 1D). However, the overall frequency of
aberrant cotyledon phenotypes markedly increased in the
progeny of supo1-1 pin1-1+/. Up to 9% (n = 1129) of
seedlings had irregular cotyledons and occasionally, some
seedlings completely failed to develop cotyledon (Figures 1C
and 1D), a feature not observed in pin1 or supo1 single mutant
seedlings.
Figure 2. Role of SUPO1 in the Regulation of Plant Development and
Auxin Transport
(A–F) Various growth defects in supo1, including inhibited root elongation (A),
decreased cell division activity in root meristems visualized by CYCB1;1::DB-
GUS (B), delayed lateral root development (C), irregular cell divisions in root
meristems (D), disconnected vein pattern in cotyledon (E), and asymmetric leaf
shape (F).
(G) Enhanced acropetal auxin transport in supo1 roots.
Error bars represent SE. *p < 0.05 (t test). Arrowheads mark regions showing
defects. See also Figure S2.
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2+ Signaling and Auxin PatterningThese data show that supo1 suppresses PIN1 gain-of-func-
tion and enhances pin1 loss-of-function phenotypes, suggesting
that SUPO1 is a regulator of PIN-mediated auxin transport.
supo1 Is Defective in Auxin Transport
and Auxin-Mediated Development
To analyze the role of SUPO1 in plant development, we segre-
gated the supo1-1 mutation from the 35S::PIN1 transgene by
outcrossing to the wild-type (Col-0). supo1 exhibited defective
root growth (Figure 2A), reduced cell division activity in root meri-Develstems as monitored by the mitotic marker CYCB1;1::DB-GUS
(Figure 2B), delayed lateral root development (Figure 2C),
aberrant vertical cell divisions in root meristems (Figure 2D),
disconnected vasculature in cotyledons (supo1: 33%, n = 40;
Col-0: 2%, n = 230; Figure 2E), and changed leaf shape and
leaf serration (supo1: 47%, n = 38; Figure 2F). As many of these
defects are reminiscent of defective auxin transport (Friml et al.,
2002a; Benkova´ et al., 2003; Tsiantis and Hay, 2003;
Scarpella et al., 2006), we directly measured IAA transport in
the supo1 roots and found that the acropetal IAA transport
was elevated (Figure 2G). This is fully consistent with elevated
auxin response and auxin levels in supo1 root tips (Figures
S1A and S1B). In summary, supo1 loss-of-function phenotypes
hint at a role for SUPO1 in a broad range of developmental
processes, some of which might result from misregulated auxin
transport.
supo1 Is Defective in Inositol Polyphosphate
1-Phosphatase SAL1
By analyzing 2220 F2 segregants from the cross between
supo1-1 (Col-0) and Landsberg erecta, we mapped supo1-1
to a 33-kb region on a single BAC clone MBM17 on the right
arm of chromosome 5. Through sequencing of candidate genes
in the interval we identified a G nucleotide deletion at 340 bp
of the coding sequence. The resulting frameshift created a
premature stop codon in the fourth exon of At5g63980 (SAL1/
FRY1/HOS2/ALX8/RON1) (Figure 3A), encoding a protein with
inositol polyphosphate 1-phosphatase and 30(20),50-bisphos-
phate nucleotidase activities (Quintero et al., 1996; Xiong et al.,
2001, 2004; Gy et al., 2007; Wilson et al., 2009; Robles et al.,
2010). Two T-DNA insertion mutants disrupting this locus,
salk_020882 (supo1-2) and salk_151367 (supo1-3) were knock-
outs (Figure 3A) with phenotypes similar to those of supo1-1
(Figures 2A and 2C, Figures S2A–S2D, and data not shown).
They also rescued agravitropic root growth when introduced
into 35S::PIN1 (Figure S1C). Moreover, N- or C-terminal GFP
fusion of SUPO1 under control of its endogenous promoter
(SUPO1::GFP-SUPO1 and SUPO1::SUPO1-GFP) restored root
agravitropic growth of supo1-1 35S::PIN1 (data not shown).
Monitoring of SUPO1 promotor activity in SUPO1::GUS trans-
genic lines suggested a broad expression in primary root meri-
stems (Figure 3B), cotyledons, vasculatures, seed coats, and
floral organs (Figure S3). The same overall expression pattern
in root meristems was also detected in transgenic lines express-
ing the functional N- or C-terminal GFP fusions, revealing
a predominantly cytosolic localization of SUPO1 with a strong
GFP signal beneath the PM (Figure 3C).
Independent alleles and mutant complementation demon-
strated that mutations in a broadly expressed SAL1/FRY1/
HOS2/ALX8/RON1 gene gave rise to the supo1 phenotypes
including suppression of 35S::PIN1. SUPO1/SAL1 encoded
a bifunctional enzyme, with one of its activities related to InsP3
catabolism (Quintero et al., 1996; Xiong et al., 2001, 2004;Wilson
et al., 2009; Robles et al., 2010) and the other to posttranslational
gene silencing (Gy et al., 2007); together, they pleiotropically
contributed to a wide range of plant growth and development
processes. The involvement of SUPO1/SAL1 in inositol phos-
phate metabolism suggested a role for these metabolites in
PIN-dependent auxin transport. InsP3 has been implicated inopmental Cell 20, 855–866, June 14, 2011 ª2011 Elsevier Inc. 857
Figure 3. SUPO1-Encoded SAL1
(A) Map-based cloning of supo1 mutation. Filled
lines and spaces between lines correspond with
open reading frames and introns, respectively.
The relative position of the mutation (G missing)
and stop codon in supo1-1 are indicated. The
T-DNA insertions in supo1-2 and supo1-3 are
represented by triangles. SUPO1 mRNA was not
detected in supo1 alleles by RT-PCR. Actin (ACT)
was used as a reference control gene.
(B and C) Expression pattern of promoter fusion
SUPO1::GUS and functional fusion SUPO1-GFP
in root meristems. GUS signal was stronger in
lateral root cap, columella stem cells, quiescent
center, epidermis, endodermis, and cortex (B).
SUPO1-GFP revealed a similar pattern as
SUPO1::GUS and was predominantly localized in
the cytosol (C). See also Figure S3.
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2+ Signaling and Auxin Patterningdiverse plant functions, including stress response (Sanchez and
Chua, 2001; Xiong et al., 2001; Burnette et al., 2003), cell wall
formation (Zhong et al., 2004), vascular patterning (Carland
and Nelson, 2004), and gravitropic response (Perera et al.,
2006). As such, SUPO1/SAL1 function would be required pleio-
tropically for many developmental processes; auxin transport-
related being only a subset of them.
Increased Levels of InsP3 Mimics supo1 and Are
Sufficient to Suppress the PIN1 Overexpression
Phenotypes
Consistent with a function in InsP3 catabolism, mutant alleles of
supo1, such as fry1-1, displayed an increase in InsP3 levels
(Xiong et al., 2001). First, we analyzed InsP3 contents in the
supo1 alleles in wild-type and 35S::PIN1 backgrounds and
confirmed that supo1 mutations conferred increased InsP3
levels, independently of the presence of the 35S::PIN1 transgene
(Figure S4A). Effectiveness of pharmacological treatments to
increase InsP3 levels was tested as well. The synthetic
membrane-permeable InsP3 ester (IP3) should be a direct source
of InsP3 to the cells, whereas the nitric oxide donor sodium nitro-
prusside (SNP) should indirectly cause an increase in InsP3 levels
by stimulating PtdIns(4,5)P2 accumulation (Lanteri et al., 2006,
2008; Im et al., 2007). Direct InsP3 measurements validated
that these treatments increased endogenous InsP3 levels
(Figure S4A).
Because of the pleiotropic nature of this mutation, pharmaco-
logical manipulations were used to study specifically the effect of
elevated InsP3 levels on 35S::PIN1 root gravitropic responses.
Transfer to media supplemented with IP3 or SNP suppressed
to a large extent the agravitropic root growth of 35S::PIN1
(Figures 4A and 4B). Moreover, pharmacological increase in858 Developmental Cell 20, 855–866, June 14, 2011 ª2011 Elsevier Inc.InsP3 levels also suppressed ectopic
auxin accumulation in 35S::PIN1 root
tips, as inferred from DR5rev::GFP
expression (Figures S4B and S4C),
mimicking the effects of supo1. Addition-
ally, similar to supo1, a loss-of-function
mutant cvp2 that was defective in inositol
polyphosphate 5-phosphatase and hadincreased InsP3 levels (Carland and Nelson, 2004) also
partially restored root gravitropic responses of 35S::PIN1
(Figure 4C).
In summary, these observations based on specific, indepen-
dent manipulations of InsP3 levels show that the increased
InsP3 is sufficient to suppress the PIN1 gain-of-function pheno-
types and might suggest a role for InsP3-mediated processes in
regulating auxin transport.
Suppression of PIN1 Overexpression Phenotypes
Is Tightly Correlated with Increased Ca2+ Levels
The mechanism of InsP3 perception and InsP3-mediated Ca
2+
release is well known in the animal field (Foskett et al., 2007),
but the respective molecular components are not conserved in
land plants (Wheeler and Brownlee, 2008). Yet, also in
plants, InsP3 triggers the release of Ca
2+ from intracellular
stores into the cytoplasm (Blatt et al., 1990; Gilroy et al., 1990;
Krinke et al., 2007; Tang et al., 2007). To evaluate whether
Ca2+ acts downstream of InsP3 to mediate its effects on
PIN-dependent auxin transport, we modulated cytosolic Ca2+
levels and monitored the effects on 35S::PIN1 growth.
Cytosolic Ca2+ concentration in the supo1 alleles in wild-type
and 35S::PIN1 backgrounds was analyzed with the fluorescent
Ca2+ sensor Indo-1. Indo-1 staining and quantification in root
hairs and root epidermal cells revealed that supo1 mutations
increased cytosolic Ca2+ levels, positively correlating InsP3
levels and cytosolic Ca2+ (Figures S4D–-S4I).
In animals, inhibition of Ca2+-ATPase activity is commonly
used to increase cytosolic Ca2+. Although the molecular targets
of the Ca2+-ATPase inhibitors cyclopiazonic acid (CPA) and
thapsigargin (Thaps) are poorly characterized in plants (Lytton
et al., 1991; Liang and Sze, 1998; Moreno et al., 2008; Iwano
Figure 4. Mimicry of supo1 Auxin-Related Phenotypes by Elevated InsP3 and Ca
2+ Levels
(A–C) Effect of increased InsP3 levels on root gravitropism. Exogenous applications of IP3 (A) and SNP (B) restored root gravitropism in 35S::PIN1 partially.
Genetically increased InsP3 levels by introgression of cvp2 partially rescued 35S::PIN1 root agravitropism (C).
(D–F) Effect of increased Ca2+ levels on root gravitropism. 35S::PIN1 root gravitropism was partially restored by applications of Ca2+-ATPase inhibitors CPA and
Thaps (D). Genetically increasing cytosolic Ca2+ by knocking down several Ca2+-ATPases via artificial microRNAs (amiRNA) suppressed 35S::PIN1 agravitropic
root growth. amiRNA-n 35S::PIN1, a line containing the same construct that by chance was inefficient to knock down any Ca2+-ATPases, was used as a negative
control (E). Quantification of root gravitropism is shown (F).
(G–I) Morphological defects of amiRNA in wild-type background: irregular cotyledon numbers (G), discontinued vein pattern in cotyledon (H), and aberrant vertical
cell division in root meristems (I).
Error bars represent SE. *p < 0.05 (t test). Arrowheads mark regions showing defects. See also Figure S4.
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2+ Signaling and Auxin Patterninget al., 2009), we confirmed by Indo-1 staining that they increased
intracellular Ca2+ levels (Figures S4L and S4M).
We used these pharmacological manipulations to study how
increased cytosolic Ca2+ affected the 35S::PIN1 root growth.
The CPA and Thaps treatments at given concentrations had little
effects on the growth of wild-type roots, but significantly restored
gravitropicgrowth in35S::PIN1 roots (Figure4D).Moreover, appli-
cation of CPA and Thaps suppressed the DR5::GUS-monitored
increase of auxin response in the 35S::PIN1 root tips (Figure S4N),
mimicking the effect of supo1mutation or increased InsP3 levels.
To confirm genetically these pharmacological treatment-
based observations, we created transgenic lines co-overex-Develpressing three artificial microRNAs (amiRNA) that were
constructed to collectively target nine genes encoding
Ca2+-ATPases, namely ACA1, ACA2, ACA4, ACA7, ACA8,
ACA9, ACA10, ACA11, and ACA13. Although only the expres-
sion of ACA1, ACA4, and ACA11 was efficiently downregulated
(Figure S4O), cytosolic Ca2+ levels were increased in the amiRNA
35S::PIN1 seedlings (Figures S4D and S4E). Notably, in the T2
segregating progeny of amiRNA+/ 35S::PIN1+/+, the gravi-
tropic root phenotype was restored in 75% of the seedlings
(n = 68) (Figures 4E and 4F). These results provide genetic
evidence that increased cytosolic Ca2+ levels can suppress the
effects of 35S::PIN1 on root gravitropism.opmental Cell 20, 855–866, June 14, 2011 ª2011 Elsevier Inc. 859
Figure 5. Regulation of Basal PIN Polarity
by Elevated InsP3 and Ca
2+ Levels
(A–C) Regulation of ectopic PIN polarity by InsP3
and cytosolic Ca2+. Immunolocalization of PIN1 in
epidermis of the 35S::PIN1 primary root tips:
increase in InsP3 and Ca
2+ levels affected PIN1
basalization with induction of apical or lateral PIN1
(A). Quantification of PIN1 polarity defects after
manipulation of InsP3 (increased InsP3: supo1,
cvp2, IP3 and SNP; decreased InsP3: U73122) (B)
and Ca2+ levels (increased Ca2+: supo1, amiRNA,
CPA, Thaps; decreased Ca2+: 2-APB) (C) is
shown. Increasing InsP3 and/or Ca
2+ levels
affected the basal PIN1 in epidermis, whereas
their respective decrease counteracted effects on
PIN polarity caused by supo1. PIN proteins local-
ized simultaneously at either the basal and apical
and/or lateral cell side were considered as
nonpolar.
(D–G) Regulation of endogenous PIN polarity by
InsP3 and cytosolic Ca
2+. Immunolocalization of
PIN proteins in primary root tips: lateral PIN1
localization was induced in supo1 and amiRNA,
while apical PIN2 polarity was normal (D). Quan-
tification of cortical PIN2 polarity in roots: supo1
(E), amiRNA (F), and treatments with IP3 and SNP
(G) induced more cells with nonpolar PIN2.
Arrowheads mark PIN polarity. Error bars repre-
sent SE, *p < 0.05 (t test for basal PIN polarity).
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2+ Signaling and Auxin PatterningWe also analyzed amiRNA seedlings that downregulated
Ca2+-ATPase activity in the wild-type (Col-0) background (Fig-
ure S4P). The plants with increased Ca2+ levels (Figures S4J
and S4K) displayed various growth defects similar to those of
the supo1 alleles, including low frequency of cotyledon formation
defects (0.8%, n = 235; Figure 4G), disrupted symmetrical coty-
ledon positioning (2%, n = 223; data not shown), discontinuous
cotyledon vein patterning (11%, n = 153 cotyledons; Figure 4H),
and aberrant vertical cell divisions (14%, n = 30; Figure 4I) in T2
segregatingpopulation. Thesedefects further highlight the impor-
tance of cytosolic Ca2+ signaling in auxin-mediated development.
In summary, these observations suggest that increased cyto-
solic Ca2+ levels underlie the effects of high InsP3 levels on860 Developmental Cell 20, 855–866, June 14, 2011 ª2011 Elsevier Inc.suppression of PIN1 overexpression and
hint at a role for InsP3-mediated Ca
2+
signaling in regulation of PIN-dependent
auxin transport.
InsP3-Mediated Increase of
Cytosolic Ca2+ Modulates Ectopic
Basal PIN1 Polarity
How can InsP3 and Ca
2+ influence the
activity of PIN-dependent auxin trans-
port? The cellular PIN polar localization
is an important determinant of PIN
function (Wisniewska et al., 2006). The
agravitropic 35S::PIN1 phenotype
presumably results from ectopic PIN1
presence at the basal side of epidermis
cells, where PIN1 counteracts the action
of endogenous PIN2 at the opposite cellside (Petra´sek et al., 2006; Mravec et al., 2008). Therefore, we
examined the ectopic PIN1 polarity in supo1-1 35S::PIN1
roots. The predominantly basal localization of PIN1 in the
epidermis of 35S::PIN1 was affected by the supo1 mutation,
as manifested by frequent both basal and apical PIN1 distribu-
tions in the same cell (Figures 5A and 5B). Similarly, the
number of cells showing both basal and apical epidermal
PIN1 in the cvp2 35S::PIN1 mutant was also strongly increased
(Figure 5B).
As increased InsP3 levels by external application of IP3 and
SNPmimicked the supo1 phenotypes, we evaluated their effects
on PIN1 polarity in the 35S::PIN1 roots. Similarly to the effects of
supo1 and cvp2, the number of epidermal cells with ‘‘normal’’
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2+ Signaling and Auxin Patterningbasal PIN1 localization significantly decreased, while that with
nonpolar PIN1 mainly increased (Figures 5A and 5B). The
proportion of cells with rearranged PIN1 was comparable to
that of the supo1 roots (Figure 5B). Thus, genetic or pharmaco-
logical increases of InsP3 lead to defects in basal PIN1 localiza-
tion in 35S::PIN1 epidermis.
Given the strong correlation between InsP3 levels and Ca
2+,
we manipulated cytosolic Ca2+ and examined the impact on
PIN1 polarity in 35S::PIN1 lines. Exogenous applications of
CPA and Thaps mimicked the effect of high InsP3 levels on
PIN1 polarity, characterized by a strongly reduced basal PIN1
localization and a regular occurrence of PIN1 also at the apical
side or entirely nonpolar PIN1 distribution (Figures 5A and 5C).
Similarly, increasing cytosolic Ca2+ in the amiRNA 35S::PIN1
lines also led to defects in the PIN1 basalization in the epidermis
(Figures 5A and 5C). Thus, genetic or pharmacological increases
of cytosolic Ca2+ cause defects in basal PIN1 localization in
35S::PIN1 epidermis.
Together, these data are consistent with a model in which
InsP3 mediates an increase in cytosolic Ca
2+ that, in turn, targets
basal polarity of ectopic PIN1 in epidermis. The effects on
ectopic PIN1 polarity fully explain the restoration of gravitropic
growth and decrease in ectopic auxin accumulation in PIN1
gain-of-function root tips.
InsP3-Mediated Increase of Cytosolic Ca
2+ Modulates
Endogenous Basal PIN Polarity
As supo1 and cvp2 mutants and seedlings expressing amiRNA
against Ca2+-ATPases, as well as pharmacological treatments
increasing InsP3 and Ca
2+ levels, had pronounced impacts on
the ectopic PIN1 basalization in the 35S::PIN1 roots, we tested
their effects on the polarity of endogenous PIN proteins. PIN1 is
preferentially distributed at the basal side in endodermis, peri-
cycle and stele cells (Friml et al., 2002a), but PIN2 localizes to
the apical cell side in epidermis and preferentially to the basal
cell side in young cortex cells (Mu¨ller et al., 1998; Kleine-Vehn
et al., 2008a). In roots of supo1 and amiRNA lines, we observed
defects in polar PIN1 distribution, reflected by frequent occur-
rence of PIN1 at the lateral cell sides (Figure 5D). The basal
PIN2 polarity in the cortex was also much less pronounced
with a higher number of cells showing nonpolar PIN2 than
that of the wild-type (Figures 5E and 5F). In contrast, apical
PIN2 localization in the epidermis was not visibly affected in
supo1 or amiRNA roots (Figure 5D; data not shown). Accord-
ingly, the applications of compounds elevating InsP3 or cyto-
solic Ca2+ levels also induced PIN1 lateralization in the stele
cells (SNP: 10%; CPA: 43%; Thaps: 38%; n = 30 roots; data
not shown) and reduced the occurrence of basally localized
PIN2 protein in the cortex (Figure 5G). Notably, as with genetic
manipulations, pharmacologically increased InsP3 or Ca
2+
levels had no impact on the apically localized PIN2 (data not
shown).
These results show that genetic and pharmacological
increases in InsP3 or cytosolic Ca
2+ affect preferentially the
basal, but not apical, localization of PIN proteins. These effects
are partial and represent rather a modulation than loss of the
basal PIN polarity. This is consistent with the relatively mild
defects of supo1 mutants in root growth, cotyledon, and
vascular tissue formation.DevelDecreased Levels of InsP3 and Cytosolic Ca
2+
Counteract Effects of supo1 and Modulate Apical PIN
Polarity
As a complementary approach to increase levels of InsP3 and
cytosolic Ca2+, we artificially decreased their levels by using
U73122, an established inhibitor of phospholipase C activity
(Cousson, 2003), theCa2+channelblockers2-aminoethoxydiphe-
nylborane (2-APB; Engstrom et al., 2002) and LaCl3 (Lanteri et al.,
2006), and the Ca2+ chelator EGTA (Lee et al., 1983) (Figures S5A
and S5B), respectively. The treatments attenuated the gravitropic
growth of supo1-1 35S::PIN1, whereas the effects were weak in
the wild-type (Figure S5C). Moreover, their effects on DR5 distri-
butionwere opposite to that of the supo1mutation, asmanifested
by suppression of increased and decreased DR5 expression in
supo1-1 and supo1-1 35S::PIN1, respectively (Figures S5D and
S5E). Treatments with U73122 and 2-APB also effectively coun-
teracted the supo1-mediated depolarization of ectopically ex-
pressed PIN1 and resulted in a largely ‘‘normal’’ basal PIN1 local-
ization (Figures 5B and 5C). These results suggest that artificial
lowering InsP3 and Ca
2+ levels counteracts effects of supo1 on
auxin transport-relatedprocessesaswell as onbasal PINpolarity.
Next, we analyzed the effects on endogenous PIN polarity. In
contrast to the increase of InsP3 and cytosolic Ca
2+ levels, their
decrease after application of U73122, LaCl3, and EGTA, specif-
ically affected the apical PIN2 localization and led to a largely
nonpolar localization in the epidermis (Figure 6A). To evaluate
these polarity defects quantitatively, we scored the number of
cells with different PIN distribution. Indeed, nonpolar PM locali-
zation of PIN2 was enhanced after these treatments (Figure 6B).
The observations were further confirmed by an alternative quan-
tification, in which we measured the ratio between the PIN2
fluorescence intensity at the outer lateral and the apical
membranes in epidermis cells (Figure 6C). Despite the
pronounced disruptions of PIN2 apical localization, no defects
were detected in the basal PIN1 localization in the stele and
PIN2 in cortex cells (data not shown).
The endogenous or exogenous manipulations of InsP3-medi-
ated Ca2+ signaling correlate with defects in PIN polarity. In
general, high InsP3 and Ca
2+ levels preferentially affect the basal
localization of PIN proteins, whereas low levels interfere prefer-
entially with the apical localization.
InsP3-Mediated Cytosolic Ca
2+ Acts on PID-Related
Mechanism of PIN Polarity
Next, we assessed the mechanism by which InsP3-mediated
Ca2+ could influence PIN polarity. The polar localization of PIN
proteins is related to their constitutive, endocytic recycling
(Dhonukshe et al., 2008; Kleine-Vehn et al., 2008b). Indeed,
pharmacological manipulations of InsP3 or Ca
2+ levels reversibly
affected trafficking of PM-localized PIN2, as demonstrated by
increased intracellular accumulations of PIN2-GFP (Figure S6A).
This suggests that InsP3 andCa
2+might influence PIN polarity by
effects on their constitutive subcellular trafficking.
A candidate target of the InsP3-mediated cytosolic Ca
2+ regu-
lation of PIN polarity is PID that is negatively regulated by Ca2+
(Benjamins et al., 2003; Zegzouti et al., 2006). PID is an important
regulator of auxin transport, PIN polar targeting (Benjamins et al.,
2001; Friml et al., 2004; Michniewicz et al., 2007) as well as PIN
endocytic recycling (Kleine-Vehn et al., 2009). To determineopmental Cell 20, 855–866, June 14, 2011 ª2011 Elsevier Inc. 861
Figure 6. Regulation of Apical PIN Polarity
by Attenuated InsP3 and Ca
2+ Levels
(A) Life-cell imaging of GFP-tagged PIN2 in
epidermis of wild-type roots. Treatments of
U73122, LaCl3, and EGTA led to less pronounced
apical, polar localization of PIN2. PIN2 signal
intensities are color-coded according to the inset
scale.
(B and C) Quantification of apical PIN2 polarity
defects. The numbers of cells showing different
PIN proteins were scored (B). Quotients between
mean fluorescence intensity of the outer lateral
and apical membrane in epidermal cells were
calculated (C).
Arrowheads mark PIN polarity. Error bars repre-
sent SE. *p < 0.05 (t test for apical PIN polarity).
See also Figure S5.
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2+ Signaling and Auxin Patterningwhether the observed Ca2+-mediated regulations of PIN polarity
are related to PID action, we analyzed the effects of Ca2+-inter-
fering drugs on root meristem collapse, a hallmark of PID gain-
of-function (35S::PID) seedlings (Benjamins et al., 2003). Treat-
ments with compounds elevating InsP3 or cytosolic Ca
2+ levels
delayed the 35S::PID-mediated root collapse (Figures 7A and
7B), whereas the treatments decreasing cytosolic Ca2+ contents
rather enhanced the collapse (Figure 7B). Next, we tested the
PID loss-of-function line pid wag1 wag2 that displays
a completely disrupted cotyledon formation (Figure 7C) (Cheng
et al., 2008; Dhonukshe et al., 2010). In the F2 segregating
progeny, the frequency of seedlings without cotyledons was
2-fold higher in supo1 or cvp2 crosses than that in the wild-
type cross (Figure 7D), suggesting that high InsP3 and Ca
2+
levels potentiated defects in pid loss-of-function mutants. These
effects of cytosolic Ca2+ manipulations on phenotypes of PID
gain- and loss-of-function mutants are consistent with the
biochemical studies (Benjamins et al., 2003; Zegzouti et al.,
2006) and support that Ca2+ signaling might affect PIN polarity
via regulation of PID activity. Accordingly, SNP and Thaps treat-
ments regularly interfered with apical localization of PIN2 in
young cortex cells of 35S::PID (Figure S6B). In contrast,
chelating Ca2+ by EGTA affected the basal PIN2 polarity in young
epidermal cells of pid wag1 wag2 roots (Figures S6C and S6D).
These observations put forward a mechanism in which InsP3-
mediated Ca2+ signaling influences PIN localization, at least
partly, through effects on PID kinase. Nonetheless, whether this
is a sole Ca2+ action on auxin transport andwhether other signals
contribute to this regulation remain still open (Figure S6E).
DISCUSSION
InsP3-Dependent Ca
2+ Signaling Mediates PIN-
Dependent Auxin Distribution
The transport-mediated auxin gradients within tissues represent
a plant-specific mechanism to regulate basic developmental862 Developmental Cell 20, 855–866, June 14, 2011 ª2011 Elsevier Inc.processes, such as embryogenesis (Friml
et al., 2003), organogenesis (Benkova´
et al., 2003), and vascular tissue forma-
tion (Scarpella et al., 2006) as well as
adaptive development in response toenvironmental influences, such as tissue regeneration after
wounding (Sauer et al., 2006; Xu et al., 2006) or tropisms (Chen
et al., 1998; Luschnig et al., 1998; Mu¨ller et al., 1998; Friml
et al., 2002b). The important factors in auxin transport are polar
PIN proteins that direct auxin flow between cells (Wisniewska
et al., 2006). In contrast, fine-tuning of many basic cellular
processes depends on Ca2+ signaling, which can be modulated
by a multitude of signals, among which InsP3 (Allen and
Schroeder, 2001; White and Broadley, 2003; Kudla et al., 2010).
Our experimental results link the plant-specific mechanism of
intercellular auxin transport and the evolutionarily conserved
secondary messengers InsP3 and Ca
2+. From a screen for
mutants suppressing agravitropic growth in PIN1 gain-of-func-
tion alleles, the supo1 mutant defective in SAL1 has been iso-
lated initially and shows also a number of defects typical for
auxin transport-related mutants (such as disconnected vascula-
ture) and, importantly, changes in auxin distribution and trans-
port. Previous analyses of other supo1 alleles, such as sal1
(Quintero et al., 1996), suggested a pleiotropic involvement of
this enzyme in various processes, including regulation of InsP3
levels. Here, multiple independent genetic and pharmacological
manipulations demonstrate that increased InsP3 levels in the
supo1 mutant are responsible and sufficient for its auxin trans-
port-related defects, including rescue of the PIN1 gain-of-func-
tion agravitropic root phenotype. These results link InsP3-related
signaling to the PIN action in auxin transport.
A prominent downstream event of InsP3 action is regulation of
cytosolic Ca2+ levels (Blatt et al., 1990; Gilroy et al., 1990; Tang
et al., 2007) and thus Ca2+ signaling. Indeed, genetic and phar-
macological manipulations of cytosolic Ca2+ levels trigger auxin
transport-related defects similar to those of increased InsP3. As
expected, given the multiple cellular roles of phosphatidylinosi-
tols and Ca2+, these regulatory circuits are also involved in other
processes besides auxin transport, as demonstrated by the
multiple supo1 alleles identified in different genetic screens
focused on drought tolerance (Wilson et al., 2009) or abscisic
Figure 7. Regulation of PID-Related Devel-
opment by InsP3 and Ca
2+ Signaling
(A) Collapse of primary root meristems in 35S::PID
and partial restoration after SNP and CPA treat-
ments.
(B) Quantification of 35S::PID-mediated root
collapse in 5- and 7-day-old seedlings. The
collapses were delayed by SNP, CPA, and Thaps,
but enhanced by 2-APB and EGTA.
(C) A no-cotyledon phenotype in pid wag1 wag2
seedlings.
(D) Quantification of defective cotyledonpatterning
in crosses with pid wag1 wag2. The failures to
make cotyledon in F2-segregating progenies in-
creased in crosses with supo1 (Col-0) and cvp2
(Col-0) alleles.
Error bars represent SE. *p < 0.05 (t test). See also
Figure S6.
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2+ Signaling and Auxin Patterningacid signaling (Xiong et al., 2001). Nonetheless, the remarkable
rescue of the PIN1 gain-of-function phenotype as well as other
rather auxin-specific phenotypes after various independent
manipulations of InsP3 and Ca
2+ levels establish that InsP3-
mediated Ca2+ signaling is linked to the regulation of PIN activity,
auxin transport, and auxin-dependent development. As Ca2+ is
one of the central secondary messengers in eukaryotic cells,
these findings highlight a potential mechanistic framework in
whichmultiple cellular processes and signals could modify auxin
gradient-mediated development.InsP3-Dependent Ca
2+ Signaling Mediates Apical-Basal
PIN Polarity
The PIN proteins play a dual role in mediating auxin distribution:
they transport auxin (Petra´sek et al., 2006) and direct the auxin
flow on account of their subcellular polar localization
(Wisniewska et al., 2006). The genetic and pharmacological
manipulations of InsP3 or cytosolic Ca
2+ levels have impact on
both the basal and apical PIN polarities. Increasing InsP3 levels
or activating cytosolic Ca2+ signaling preferentially impacts
targeting of PIN proteins to the basal cell side, whereas inhibiting
cytosolic Ca2+ signaling preferentially affects the apical PIN
targeting. These observations suggest that cytosolic Ca2+ levels
might specifically influence the basal versus apical decision of
the PIN polar targeting. Modulation of the apical-basal PIN
polarity can therefore explain the rescue of the 35S::PIN1 agra-
vitropic growth and other observed auxin-related developmental
defects. The molecular basis of the 35S::PIN1 agravitropism is
ectopic presence of the PIN1 at the basal side of epidermal cells,
where it counteracts the PIN2 action at the apical side of cells
by mediating the upward auxin flow (Mravec et al., 2008).
Thus, interference with the basal PIN1 polarization throughDevelopmental Cell 20, 855–8InsP3-induced Ca
2+ in the epidermis
allows the restoration of the PIN2-
mediated flow, which is necessary for
gravitropic root growth. In contrast, inhi-
bition of Ca2+ signaling prevents PIN1
apicalization under high InsP3 conditions,
attenuates InsP3-dependent gravitrop-ism rescue, and affects the apical, but not basal, localization of
endogenous PIN proteins. Accordingly, the effects on basally
localized PIN proteins can account for the defects in auxin
distribution and auxin-mediated development.
The important remaining question relates to themechanism by
which Ca2+ signaling influences the apical-basal PIN polarity.
The decision about the apical-basal PIN targeting depends on
PIN phosphorylation that is mediated by the antagonistic action
of PID kinase and PP2A phosphatase (Friml et al., 2004;Michnie-
wicz et al., 2007; Huang et al., 2010; Zhang et al., 2010). Interest-
ingly, PID activity can be regulated by phospholipid signaling
(Zegzouti et al., 2006) and PID-interacting proteins that bind
Ca2+ (Benjamins et al., 2003). The relevance of these regulations
for auxin transport and auxin-mediated development is unclear,
but they are supported by pronounced effects of manipulations
with Ca2+ signaling on PID-related development. Effects of
InsP3-induced Ca
2+ signaling on PIN polarity are, unlike strong
effects of PID gain- and loss-of-function mutants, only partial.
Thus, this mechanism might possibly not directly determine
cell or PIN polarity, but rather highlight a potential entry point
for multiple cellular processes and signals to influence auxin-
mediated development via Ca2+-based modulations of PIN
polarity (Figure S6E).
EXPERIMENTAL PROCEDURES
Materials
35S::PIN1 (Benkova´ et al., 2003), pin1 (pin1-1) (Okada et al., 1991),
CYCB1;1::DB-GUS (Colo´n-Carmona et al., 1999), DR5rev::GFP (Friml et al.,
2003), DR5::GUS (Ulmasov et al., 1997), cvp2 (Carland and Nelson, 2004),
PIN2::PIN2:GFP (Xu and Scheres, 2005), 35S::PID (Benjamins et al., 2001),
and pid wag1 wag2 (Dhonukshe et al., 2010) had been described previously.
The insertion mutant lines supo1-2 (salk_020882) and supo1-3 (salk_151367)
were obtained from NASC. Insertion sites were verified, homozygous lines66, June 14, 2011 ª2011 Elsevier Inc. 863
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InsP3-Mediated Ca
2+ Signaling and Auxin Patterningwere selected, and the absence of the SUPO1 transcript was shown by RT-
PCR. For detailed description of DNA constructs, see Supplemental Experi-
mental Procedures.
Growth Conditions
Arabidopsis seedlings and plants were grown as described (Friml et al.,
2002a). For detailed experimental conditions of drug applications, see Supple-
mental Experimental Procedures.
Phenotype Analysis, GUS Staining, and Measurements
Plates were scanned on a flat-bed scanner and root lengths were measured
with the ImageJ software (rsbweb.nih.gov/ij/download.html). Lateral root initi-
ation, developmental stage progression analyses, and GUS staining were
done as described (Benkova´ et al., 2003). Details of the auxin transport assay
and measurements of auxin, InsP3 and cytosolic Ca
2+ contents are described
in Supplemental Experimental Procedures.
Microscopy
Details regarding immunological staining, antibodies, and dilutions can be
found in Supplemental Information. GFP samples were scanned without fixa-
tion. Confocal imagings were done on confocal microscopes (LSM 5 DUO or
LSM 710; Zeiss).
SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures and Supplemental Experimental
Procedures and can be found with this article online at doi:10.1016/j.devcel.
2011.05.013.
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